Calcium channel subtypes in adult rat and frog sensory neuron somata, acutely isolated from dorsal root ganglia (DRG neurons), were studied using Bay K 8844, nimodipine, and w-conotoxin GVIA (w-CgTx) as specific probes. At HP -60 mV, w-CgTx blocked 25% and 50% of peak current in small-diameter rat and frog DRG neurons, respectively.
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Calcium channel subtypes in adult rat and frog sensory neuron somata, acutely isolated from dorsal root ganglia (DRG neurons), were studied using Bay K 8844, nimodipine, and w-conotoxin GVIA (w-CgTx) as specific probes. The DRG neurons varied in diameter 15-60 pm (rat) and 20-80 pm (frog). Bay K 8644 produced a large increase in calcium currents of small-diameter rat DRG neurons and shifted channel activation and the peak of the I-V curve in the hyperpolarizing direction.
At a physiological holding potential (HP) of -60 mV, nimodipine blocked 50% of the peak calcium current in small-diameter frog and rat DRG neurons, indicating a large L channel component. At HP -80 mV, nimodipine blocked a lower percentage of peak current in small-diameter rat and frog DRG neurons than expected (based on experiments at HP -60 mV) probably due to nimodipine's voltage dependence. At HP -60 mV, w-CgTx blocked 25% and 50% of peak current in small-diameter rat and frog DRG neurons, respectively.
o-CgTx blocked a larger percentage of current at HP -80 mV than at -60 mV, probably because of the repriming of N channels. Observation of nimodipineand Bay K 8644-sensitive calcium current in small-diameter rat and frog DRG neurons after w-CgTx treatment, suggests that o-CgTx is not a potent L channel blocker. The combination of w-CgTx and nimodipine blocked all current in small-diameter frog DRG neurons but left a small portion of current unblocked in small-diameter rat DRG neurons at HP -60 mV, suggesting the possibility of w-CgTxand nimodipine-insensitive calcium channels in rat DRG neurons.
Calcium current in most large-diameter frog DRG neurons was insensitive to nimodipine, but was completely blocked by w-CgTx. This indicates significant variation in the expression of calcium channel subtypes in small-and largediameter frog DRG neurons, which may subserve different sensory modalities.
Adult rat and frog sensory neuron somata, acutely isolated from dorsal root ganglia (DRG), were studied to determine the contribution to peak calcium current made by pharmacologically unique calcium channel subtypes. The number of unique cal-cium channels found in neurons and their electrical and pharmacological properties remains somewhat controversial. Originally, three different calcium channels were distinguished in cultured chick sensory neurons on the basis of biophysical and pharmacological properties. The three subtypes were named T-, N-, and L-type calcium channels (Nowycky et al., 1985b) . Both N-and L-type calcium channels required strong depolarizations for activation (high-threshold) , but N-type channels needed a much more negative holding potential (HP) to be fully reprimed and inactivated more rapidly during a test pulse than did L-type channels (Nowycky et al., 1985b; Fox et al., 1987a,b) . N-and L-type calcium channels also had different unitary slope conductances of 13 pS and 25 pS, respectively, although Plummer et al. (1989) have reported that N-type channels also exhibit channel openings with a 22-pS conductance while Kunze and Ritchie (1990) have reported subconductance states for L-type channels with values similar to N-type openings (Kunze and Ritchie, 1990) . T-type calcium channels had a unitary conductance of 8 pS and could be activated selectively by weak depolarizations from very negative HPs (-100 mV; Carbone and Lux, 1984a,b; Nowycky et al., 1985b; Fox et al., 1987a,b) . Recently, reports of a fourth type of calcium channel, named P-type, have appeared (Llinis et al., 1989) . This channel had a unitary conductance similar to N-type but has otherwise not been extensively characterized.
The original description of the L-type calcium channel in heart and skeletal muscle showed that this channel type was extremely sensitive to dihydropyridine (DHP) agonists and antagonists. For the most part, even though DHP-sensitive currents have been shown to exist in neuronal preparations (Nowycky et al., 1985b; Fox et al., 1987a,b) , the results have never been as clearcut as those described for muscle (Hess et al., 1984) . In fact, several recent reports have suggested that neurons (including sensory neurons), have few or no components of L-type current (Aosaki and Kasai, 1989; Plummer et al., 1989 ; but see Sah et al., 1989) . A second controversy exists as to whether neuronal L-type channels are blocked by the snail toxin w-conotoxin GVIA (w-CgTx). There are reports of potent irreversible block, reversible weak block, or no effect of w-CgTx on neuronal L channels (Fox et al., 1987a; McCleskey et al., 1987; Holz et al., 1988; Aosaki and Kasai, 1989; Plummer et al., 1989) . N-type channels are insensitive to DHP antagonists (Fox et al., 1987b; Hirning et al., 1988; Aosaki and Kasai, 1989) but are sensitive to blockade by w-CgTx GVIA (McCleskey et al., 1987; Plummer et al., 1989) . T-type channels have been demonstrated to be selectively blocked by several agents including NiZ+ and amiloride but only weakly and transiently blocked by o-CgTx (Nowycky et al., 1985b; Fox et al., 1987a,b; Kasai et al., 1987; McCleskey et al., 1987; Tang et al., 1988) . The P-type calcium channel may be resistant to both DHPs and w-CgTx (Llinas et al., 1989; Sah et al., 1989) . While the physiological roles of these different types of calcium channels are incompletely understood, it seems that L and N channels may be involved in neurotransmitter release, while T channels are hypothesized to be involved in regulation of neuronal excitability and pacemaker activity (Llinds and Yarom, 1981; Perney et al., 1986; Hirning et al., 1988; Holz et al., 1988; Tsien et al., 1989) .
Previously, cultured DRG neurons prepared from embryonic or neonatal animals have been used for most calcium channel investigations Lux, 1984a,b, Fedulova et al., 1985; Nowycky et al., 19833 Aosaki and Kasai, 1989) . Expression of calcium channel subtypes in cultured neurons or cell lines can be altered by manipulation of the growth medium (Plummer et al., 1989; Boland and Dingledine, 1990) . The acutely isolated DRG neuron somata used in the present study are more likely to retain unique physiological characteristics associated with the transmission of different sensory modalities. Mammalian DRG neuron somata vary greatly in size in a manner that is roughly correlated with their conduction velocity (Yoshida and Matsuda, 1979; Harper and Lawson, 1985a; Lee et al., 1986) . In rat DRG neurons, direct measurements of somata size and conduction velocity of attached axons have demonstrated that rapidly conducting Aa-and A&type DRG neurons have the largest somata, while slower conducting A& and C-type DRG neurons have the smaller somata (Harper and Lawson, 1985a) . Aa-and AD-type DRG neurons transmit proprioceptive and tactile information while A& and C-type DRG neurons transmit pain and thermal information (Martin, 1985) . Frog DRG neurons can be differentiated into C-and A-types, which have conduction velocity ranges very similar to those observed for mammalian DRG neurons (Holz et al., 1986; Morita and Katayama, 1987) . Frog C-type DRG somata appear smaller than A-type, based on input resistance measurements (Holz et al., 1985) . All experiments on rat DRG neurons outlined in this report were performed on small-diameter somata with average diameters consistent with C-and A&type DRG neurons (Harper and Lawson, 1985a) . In most experiments on frog DRG neurons we selected the smallest somata present after isolation for comparison with the above-mentioned rat neurons. However, in one experiment, we studied the calcium channel subtypes in the largest frog DRG somata present after isolation.
In this report, we demonstrate that in small-diameter rat and frog DRG neuron somata, both L and N channels contribute significantly to the peak calcium current. At a holding potential of -60 mV, one-half or more of the whole-cell calcium current was L-type in small-diameter frog and rat DRG neuron somata, respectively. These findings put to rest the idea that DHP-sensitive L channels do not contribute significantly to peak calcium current in neurons. Interestingly, this was not the case in largediameter frog DRG neuron somata, which expressed almost exclusively N channels. These results may indicate that different calcium subtypes are expressed in sensory neurons that transmit different sensory modalities. Further, we show that DHP inhibition of L currents showed a similar requirement for depolarized holding potentials previously described in heart (Bean, 1984; Sanguinetti and Kass, 1984) . In rat and frog DRG neuron somata studied, N and L channels could account for almost all of the calcium current at holding potentials between -60 mV and -80 mV. Although a large amount of T current (1 nA) could often be demonstrated in rat DRG neuron somata, T current was not prominent unless the holding potential was more negative than -80 mV. Evidence is provided that w-CgTx is not a potent blocker of all L-type calcium channels. Pretreatment of neurons with Bay K 8644 appears either to block or somehow protect calcium channels from w-CgTx block.
Materials and Methods
Dorsal root ganglia (DRG) were dissected from rats (200-250 g) or frogs (34 in) and-incubated at 35°C for 45 min in Tyrodes solution(l40 rnh NaCl. 4 mM KCl. 2 mM MaCl,. 2 mM CaCl,. 10 mM alucose. 10 mM HEPES, adjusted to pH 7.4 &h'NaOH) contaming 2 mg/ml collagenase (Sigma Type 1) and 3 mg/ml dipase (Boehringer-Mannheim), then at 22°C for 45 min in dipase alone. In experiments with large-diameter frog DRG neuron somata, Tyrodes consisted of 100 mM NaCl, 2 mM CaCl,, 2.4 mM KCl, 5.6 mM glucose, and 20 mM HEPES, adjusted to pH 7.4 with NaOH, and 5 mg/ml dipase replaced the usual 3 mg/ml. Single neuronal somata were obtained by tituration in Tyrodes solution through three Pasteur pipettes of progressively smaller bores. Neuronal somata were stored at 5°C in Tyrodes and used within 6 hr. For experiments, neuronal somata were plated onto a coverslip coated with concanavalin-A and placed in a l-ml bath for superfusion (4 ml/min) with control and drug containing solutions. Stock solutions of nimodinine and (+)Bav K 8644 (sift from Dr. Scriabine. Miles Pharmaceutidal, Inc.) were made by dissolving the compounds in 100% ethanol at concentrations of 1 O-2 M. Stock solutions of (-)Bay K 8644 were made in 100% ethanol at lo-* or 10m4 M. Further dilutions were made in the external buffer used to isolate calcium currents. Nimodipine and (*)Bay K 8644 were added to the bath at a concentration of 2 NM by superfusion. (-)Bay K 8644 was added directly to the bath by pipette near the cell under study after bath flow was halted, achieving a known final concentration. For experiments involving nimodipine and Bay K 8644, the final concentration of ethanol in the bath was 0.02% (4.3 mM). All manipulations involving nimodipine and Bay K 8644 were carried out in the dark to avoid degradation due to photosensitivity. w-conotoxin GVIA (Peninsula Laboratories) was dissolved in the external buffer used to isolate calcium currents. w-conotoxin GVIA was added directly to the bath by pipette near the neuron under study after bath flow was halted, achieving a known final concentration.
DRG neuron somata with no processes were voltage clamped by the whole-cell patch technique using an axopatch 1C amplifier (Axon Instruments). The DRG neuron somata varied greatly in diameter. Most of the DRG somata in the study were at the small end of the size spectrum (rat, 19-30 pm in diameter; frog, 20-35 pm in diameter). However, frog neuron somata at the large end of the size spectrum (60-80 pm in diameter) were used in one study. Diameter was defined as the average of the distance along the longest and shortest axis of each soma.
Voltage steps, holding potential, and data acquisition and analysis were controlled by an online IBM PC/AT clone computer programmed with the AXOBASIC system (Axon Instruments). Leak sweeps were obtained at several intervals during each experiment by averaging 16 hyperpolarizing test pulses. Leak current was subtracted from the data sweeps by scaling the leak sweep to the data. Usually, several leak sweeps were summed and averaged before subtraction from a data sweep in order to minimize noise introduced by leak subtraction. The patch pipettes were fabricated from soda-lime capillary glass (Scientific Products, B4416-1) using a Narishige 2-stage vertical puller (model PP-83). The electrodes were coated to within 100 pm from the tip with sylgard and were heat polished to a resistance of 1.2-1.8 MB using a Narishige microforge . Gigaohm seals were obtained in Tyrodes solution. We compensated for 80% of the series resistance by using the Axopatch 1 C series resistance compensation circuit. The data were filtered with an eight-pole Bessel filter at a comer frequency of 3 kHz.
To isolate calcium currents in small-diameter frog and rat neuronal somata, the following solutions were employed: the internal solution contained 120 mM CsCl,, 5 mM Mg-ATP, 0.4 mM 2 Na-GTP, 10 mM EGTA, 20 mM HEPES, adjusted to pH 7.4 with CsOH (303 mOsm). The external solution contained 166 mM TEA-Cl, 10 mM HEPES, 2 mM BaCl,, 100 nM TTX (rat) or 200 nM TTX (frog), adjusted to pH 7.4 with TEA-OH (316 mOsm). For isolation of calcium currents in large frog neuron somata, the external solution contained 110 mM TEACl, 20 mM HEPES, 2 mM BaCl,, 200 nM TTX, pH 7.4 (250 mOsm), Figure 1 . Action potentials could be evoked from an acutely dissociated small-diameter rat DRG neuron. The record was obtained using current clamp mode. 0.6 nA of depolarizing current was injected through the patch electrode. The resting membrane potential was -64 mV. The external solution contained 140 mM NaCl, 4 mM KCl, 2 mM MgCl,, 2 mM CaCl,, 10 mM glucose, 10 mM HEPES, pH 7.4. The internal solution contained 120 mM KCl, 5 mM Mg-ATP, 0.4 mM 2Na-GTP, 10 mM EGTA, 20 mM HEPES, pH 7.4.
and, in the internal solution, 85 mM CsCl replaced the usual 120 mM concentration (240 mOsm). The blocking effects of antagonists on current amplitude were determined from plots of peak current versus time. In order to describe the contribution to control peak current made by nimodipine-and w-CgTxsensitive fractions in neurons where both drugs were added sequentially, the effect of each drug was expressed as a percentage of decrease in current amplitude relative to the original control amplitude. For example, if control peak amplitude was 4 nA and addition of drug 1 resulted in blockage of 2 nA and subsequent addition of drug 2 blocked 1.6 nA, then this-was expressed as "drug 1 blocked 50% and drug 2 blocked 40% of the orieinal Desk current. leaving 10% of the original peak current unblocked." -It was necessary to take into account the rate of current rundown, which varied from cell to cell and decreased over time and upon blockade of part of the current. In order to adjust for rundown, a straight line was drawn through the control data points and extrapolated out over the earliest point where the slope of the current versus time relationship in the presence of antagonist matched that observed in the predrug control data. This point was regarded as the control current amplitude. Because some rundown had possibly occurred between the apparent peak effect of one antagonist and the addition of a second antagonist, the data regarding the second antagonist was adjusted by multiplying the percentage of the original current remaining at peak effect of the first antagonist by the percentage change produced by the second antagonist. This adjustment relies on an assumption that different channel subtypes remaining after treatment with the first antagonist run down at the same rate, and thus the second antagonist would have had the same relative effect if added closer in time to the peak effect of the first antagonist.
Results
DRG neuron somata observed after isolation in these experiments varied in size about 15-50 pm in diameter (rat) or 20-80 pm in diameter (frog). Most experiments were restricted to small-diameter somata ranging from 19-30 pm in diameter from rat (average = 23.5 pm + 3.35 SD, N = 47) and 20-35 pm in diameter from frog (average = 28.5 wrn f 5.09 SD, N = 20).
These DRG neuron somata will be referred to as small-diameter neurons. One set of experiments was performed on large-diameter frog DRG neuron somata ranging 60-80 pm in diameter (average = 71.8 pm f 6.52 SD). These will be referred to as large-diameter neurons. As illustrated in Figure 1 , acutely isolated small-diameter rat neurons were capable of firing action potentials upon injection of a depolarizing current pulse. For these experiments the external solution was Tyrodes, while the internal solution contained KC1 instead of CsCl (see Materials and Methods). The average resting potential recorded from 5 such rat neurons was -55.4 mV f 6.0 SEM. These values are similar to those recorded from rat DRG neuron somata in vivo in the presence of a similar extracellular solution (Harper and Lawson, 1985b) .
The amplitude of calcium currents recorded from small-diameter rat and frog neurons appeared to be roughly correlated to soma size. Peak currents ranged 2-10 nA in amplitude when evoked from an HP of -80 mV. For these experiments the pipette contained a CsCl-based internal solution while a 2 mM BaCl*-160 mM TEA-Cl solution bathed the neurons (see Materials and Methods). Figure 2A plots currents recorded from a small-diameter rat neuron that was held at -80 mV and stepped to a variety of test potentials. Figure 2B illustrates the peak current versus voltage (I-V) relationship for this neuron. Activation of current in small-diameter rat and frog neurons began at test potentials between -50 mV and -40 mV, and peak current occurred at test potentials between -20 mV and -10 mV. The reversal potential measured in small-diameter frog and rat neurons was close to +50 mV.
Changing the holding potential from -60 mV to -80 mV increased peak current by an average of 79% f 18.3 SEM in six small-diameter rat neurons ( Fig. 3A) and by an average of 70% in two small-diameter frog neurons tested (not shown). The peak current inactivated more rapidly when evoked from HP -80 mV versus -60 mV (Fig. 3A) . At holding potentials negative to -80 mV substantial T current could be reprimed. In fact, the T currents frequently reached amplitudes of 1 nA (Fig.  3B ). Figure 3B illustrates that superfusion with amiloride (200 PM) blocked about 45% of the T current in a small-diameter rat neuron. A small amount of T-type current could usually be evoked in small-diameter rat neurons from HP -80 mV. In nine small-diameter rat neurons, a depolarizing test pulse to -50 mV from HP -80 mV evoked T current that averaged 193 pA + 65.4 SEM.
The DHP calcium channel agonist Bay K 8644, which increases current amplitude through L-type calcium channels by enhancing the probability of channel opening (Hess et al., 1984; Kokubun and Reuter, 1984; Nowycky et al., 1985a) , was tested on several small-diameter rat neurons. When racemic (*)Bay K 8644 (2 PM) was superfused over rat neurons held at -80 mV, calcium channel activation threshold and the peak of the I-V curve was shifted in the hyperpolarizing direction (Fig. 4A ). (*)Bay K 8644 induced a large increase in current amplitude, which was greatest at weak test depolarizations compared to strong test depolarizations (Fig. 4A-C) . On average 2 PM (+)Bay K 8644 increased peak current by 55.5% + 16.2 SEM (N = 5). (+)Bay K 8644 also greatly increased the amplitude and decreased the rate of inactivation of the tail current (Fig. 4B,C) . The hyperpolarizing shifts of activation and the slowing of tail currents are all characteristics of DHP agonists that have previously been described (Hess et al., 1984; Fox et al., 1987b) . Similar results were obtained in six small-diameter rat neurons with the optically pure agonist (-)Bay K 8644 (1 OO-~1 bolus at a concentration of 200 KM), which increased peak current by an average of 26% f 8.5 SEM when pipetted into the l-ml bath near the cell under study, achieving a final concentration of = 18 nM. The increase in calcium current amplitude by Bay K 8644 demonstrates that a significant portion of the calcium current in the small-diameter rat neurons was conducted through L-type channels.
Another group of experiments explored the inhibition of calcium currents produced by the DHP calcium channel antagonist, nimodipine, and the marine snail calcium channel antagonist, o-CgTx. Nimodipine is believed to inhibit primarily L-type calcium channels (but see Cohen and McCarthy, 1987; Akaike et al., 1989) changing from HP -60 mV to HP -80 mV, the peak calcium current increased by 77%. B, Holding a small-diameter rat cell at -90 mV and stepping to -50 mV evoked a low threshold, rapidly inactivating (T) calcium current. 45% of the T current was blocked by superfusion with 200 WM amiloride. Solutions as in Figure 2 . Aosaki and Kasai, 1989; Plummer et al., 1989) . The inhibitory action of nimodipine and w-CgTx on peak calcium current in small-diameter rat and frog neurons was compared at two different HPs, -60 mV and -80 mV. For these experiments smalldiameter rat and frog neurons were depolarized to a test potential that evoked peak current at a stimulation rate of one depolarization every 10, 20, or 30 sec. A constant stimulation rate was used throughout each experiment. After a baseline of 5-10 depolarizations was established, nimodipine (2 MM) was superfused over the neurons. Then, after a second baseline was established in the presence of nimodipine, the bath flow was halted and a lOO-~1 bolus of 10 PM w-CgTx was pipetted into the l-ml bath near the neuron under study, achieving a final concentration of ~0.9 PM. Figure 5A shows a peak current versus time plot obtained from a small-diameter frog neuron held at -60 mV where nimodipine blocked 40% of the peak current. Subsequent addition of w-CgTx blocked all of the current that remained in this neuron. Figure 5B shows a peak current versus time plot obtained from a small-diameter rat neuron held at -60 mV where application of nimodipine blocked 69% of the and 58% of the peak current in small-diameter rat neurons at current. Subsequent addition of w-CgTx blocked an additional HP -60 mV (Table 1) . Subsequent addition of w-CgTx blocked 18% of the original peak current in this neuron. Representative an average of 52% of the original peak current (all that remained) current traces from the different experimental conditions are in the frog neurons and au average of 27% of the original peak plotted above the graphs. On average, nimodipine blocked 46% current in the rat neurons held at -60 mV. These results indicate of the calcium current in small-diameter frog neurons (Table 1) that a large portion of peak whole-cell current in small-diameter Smal!-diameter frog and rat DRG neurons were first superfused with 2 PM nimodipine. After the peak effect ofnimodipine was observed, the bath flow was stopped and a 100~~1 bolus of 10 PM w-CgTx was pipetted into the bath near the neuron, achieving a final concentration of 0.9 PM. * Percent decrease f SEM produced by each drug. . Nimodipine and w-CgTx blocked a large fraction of calcium current in small-diameter rat and frog DRG neurons held at -60 mV versus -80 mV. Plot of current versus time in a small-diameter frog (A) and rat (B) DRG neuron held at -60 mV. The neurons were depolarized to -20 mV every 10 set (frog) or 30 set (rat). Superfusion with 2 PM nimodipine blocked 41.8% of peak current in the frog neuron and 68.3% of peak current in the rat neuron. After bath flow was stopped, lOO-~1 bolus of 10 PM o-CgTx was pipetted into the l-ml bath near each neuron, which blocked all remaining current in the frog neuron (58.2% of original peak current) and 20.4% of the original peak current in the rat neuron, leaving 11.3% of the original current unblocked. Plot of current versus time in a small-diameter frog (C) and rat (D) DRG neuron held at -80 mV. Cells were depolarized to -10 mV every 20 sec. Super-fusion with 2 PM nimodipine blocked 20.5% of the peak current in the frog neuron and 29.4% of the peak current in the rat neuron. After the bath flow was stopped, a 100-p bolus of 10 PM w-CgTx was pipetted into the l-ml bath near each neuron which blocked an additional 60.7% of the original peak current in the frog neuron and an additional 30.1% of the peak current in the rat neuron. The combination of nimodipine and w-CgTx left 18.2% and 40.5% of the current unblocked in frog and rat, respectively. Insets (A-0) are superimposed current traces illustrating points along each plot of current versus time; control (*), after nimodipine (A), and after w-CgTx (+). The symbols over the current versus time plots show where the records were obtained. Note the increase in inactivation observed after superfusion in the presence of nimodipine at HP -80 mV. Solutions as in Figure 2. rat and frog neurons held at -60 mV was conducted through in a small-diameter frog neuron, and subsequent addition of L-type calcium channels. The effect of w-CgTx can be attributed w-CgTx blocked an additional 64% of the current. As illustrated to the block of N-type calcium channels (Table 1) .
in Figure SD , superfusion of a small-diameter rat neuron with At HP -80 mV, the action of nimodipine and w-CgTx disnimodipine at HP -80 mV blocked 30% of the peak current, played a much different profile. Figure 5C shows that superfuand subsequent addition of w-CgTx blocked an additional 32% sion with nimodipine at HP -80 mV blocked 18% of the current of the current. The representative current traces plotted above the graphs illustrate that at HP -80 mV, nimodipine was observed to produce an apparent increase in the inactivation rate over the course of the 200-msec test depolarization. This effect of nimodipine was observed in 5 of 10 small-diameter rat neurons and in 5 of 6 small-diameter frog neurons and could be interpreted as nimodipine blocking more steady state current than initial peak current. On average, nimodipine blocked 12% of the peak current in small-diameter frog neurons and 23% of the peak current in small-diameter rat neurons (Table 1) . Subsequent addition of w-CgTx blocked an average of 76% of the original peak current in the frog neurons and 48% of the original peak current in the rat neurons (Table 1) . The effects w-CgTx and nimodipine were rapid in onset (20-60 set) and the apparent peak effect occurred within l-3 min after onset. In summary, increasing the holding potential from -60 mV to -80 mV decreased the percentage of peak current susceptible to blockade by nimodipine and increased the percentage of peak current susceptible to blockade by o-CgTx. The decrease in the effect of nimodipine at HP -80 mV was probably partly due to its voltage dependence which resulted in an only partial block of L-type channels. In addition, as more N-type calcium channels were recruited at HP -80 mV versus HP -60 mV (evidenced by the increase in the percentage of peak current blocked by w-CgTx) it would be expected that the percentage of total peak current blocked by nimodipine would decrease. When small-diameter frog neurons were held at -60 mV, nearly 100% of the peak current was abolished by cumulative action of nimodipine and w-CgTx (Fig. 5A, Table 1 ). On the other hand, when the frog neurons were held at -80 mV, an average of 13% of the peak current remained unblocked after treatment with both nimodipine and w-CgTx (Fig. SC , Table  1 ). There was little evidence of low threshold current in three of the small-diameter frog neurons held at -80 mV as determined from I-V curves before drug addition. The 13% unblocked current in the frog neurons was unaffected by addition of another 100-d bolus of 10 PM CgTx, which raised the final concentration of w-CgTx in the bath to = 1.8 FM (N = 2). In rat neurons, an average of 15% of the peak current was unblocked by the cumulative action of nimodipine and w-CgTx at HP -60 mV and 29% of the peak current remained unblocked after treatment with both antagonists at HP -80 mV (Fig. 5B,D , Table 1 ). Based on I-V data generated in small-diameter rat neurons, we could account for about 20% of the nimodipineand w-CgTx-insensitive current by T currents at HP -80 mV and none at HP -60 mV. In two of the rat neurons held at -80 mV, and 1 rat neuron held at -60 mV, the current that remained after treatment with nimodipine and o-CgTx was reduced by about half upon pipetting an additional 100 ~1 of 50 PM w-CgTx into the bath, which increased the final concentration of w-CgTx to ~5 KM. Thus, it appears that at HP -60 mV all of the peak current in small-diameter frog neurons could be accounted for by N and L channels. On the other hand, small-diameter rat neurons may possess a small proportion of w-CgTx-and DHPresistant calcium current at HP -60 mV or rat L-type calcium channels may not be completely blocked by 2 PM nimodipine at HP -60 mV.
The effects of nimodipine and o-CgTx were also studied on peak current in six large-diameter frog neurons that ranged in diameter 60-80 pm. In large-diameter frog neurons the peak current ranged 7-l 8 nA when evoked from HP -60 mV. Initial superfusion with 2 I.LM nimodipine had no effect on peak current evoked from HP -60 mV in five of six of these neurons (illustrated in Fig. 6AJ3 ). However, in one large-diameter frog neuron, 2 MM nimodipine blocked 19% of the peak current. The average blocking effect of nimodipine in all six large-diameter frog neurons was 3.6% f 3.36 SEM. The effect of nimodipine in the large-diameter frog neurons was significantly less than the 46% f 4.0 SEM block previously observed in small-diameter frog neurons (p = 0.0000036, Student's t test). In all six of the large-diameter frog neurons, subsequent addition of a loo-p1 bolus of 10 PM w-CgTx to the l-ml bath blocked 100% of the peak current remaining after treatment with nimodipine ( Fig. 6A,B) . This data indicates a significant difference in the expression of L-type calcium channels between large-diameter and small-diameter frog sensory neuron somata.
As there is some continued controversy as to whether w-CgTx blocks L-type calcium currents (McCleskey et al., 1987; Aosaki and Kasai, 1989; Plummer et al., 1989) , another series of experiments was performed specifically to address this question in small-diameter rat and frog neurons, which appear to express large numbers of this channel subtype. In one study, the blocking effect of a 100~~1 bolus of 10 KM w-CgTx was determined in small-diameter rat and frog neurons without prior nimodipine treatment, and compared to its effect in previous experiments, where the w-CgTx was added after blockade of L channels with nimodipine. The holding potential was -60 mV in these experiments. In the rat neurons, w-CgTx appeared to block more current on average when added without prior nimodipine treatment (average decrease = 44% f 7.7 SEM, N = 11) than when it was added after superfusion with nimodipine (average decrease = 27% + 4.8 SEM, N = 5). However, this effect was not significant (p = 0.146, Student's t-test). There appeared to be more variation in the effect of w-CgTx when added without prior nimodipine treatment (range, 14%77%) than when the w-CgTx was added after superfusion with nimodipine. The variation in the effect ofw-CgTx when added without prior nimodipine treatment is illustrated in Figure 7 , A and B. In five rat neurons where w-CgTx was added without prior nimodipine treatment (and the w-CgTx blockade was demonstrated to be irreversible after a 5-min wash period), subsequent superfusion with 2 PM nimodipine blocked an additional 35.6% f 15.9 SEM of the original peak current (Fig. 7AJ) . The effect ofnimodipine added after w-CgTx was not significantly different from its effect when added before w-CgTx (average decrease = 58% + 6.3 SEM). However, there appeared to be more variation in the effects of nimodipine when added after w-CgTx than when added before w-CgTx (Fig. 7A,B) .
In small-diameter frog neurons held at -60 mV, w-CgTx also appeared to block more current when added without prior nimodipine treatment (average decrease = 68% f 9.5 SEM, N = 7) than when added after superfusion with nimodipine (average decrease = 52% f 4.3 SEM, N = 7); however, this effect was also not significant (p = 0.134, Student's t test). Similar to the previous observation in rat neurons, there appeared to be more variation in the effect of w-CgTx when added without prior nimodipine treatment than when added after superfusion with nimodipine. Nevertheless, this data does not demonstrate a significant overlap in the current blocked by w-CgTx and nimodipine. In addition, the DHP agonist (-)Bay K 8644 was demonstrated to produce a marked increase in peak current in two of three small-diameter rat neurons when added after treatment with o-CgTx (Fig. 8A,B) . The data indicates that while w-CgTx may have small effect on L-type calcium channels, it is not a potent blocker of this channel subtype.
To explore further the possibility of L channel blockade by w-CgTx, we studied the effects of o-CgTx on the large slowly inactivating tail current induced by Bay K 8644. Seven smalldiameter rat neurons were exposed to 2 PM (+)Bay K 8644 superfused through the bath (N = 3) or a 100~~1 bolus of 200 nM (N = 3) or 20 PM (N = 1) (-)Bay K 8644. Note in Figure  9A that in the presence of Bay K 8644, peak current "ran down" faster than control peak current. After "rundown," which followed the Bay K 8644-induced increase in peak current, had reached a steady state, a loo-p1 bolus of 10 PM w-CgTx was added to the l-ml bath. Surprisingly, in four of seven neurons, w-CgTx produced a transient increase in peak current (Fig. 9A) that was accompanied by a transient increase in the amplitude and duration of the tail current (Fig. 9B) . In one of seven neurons, w-CgTx produced a transient increase in the Bay K 8644-induced tail current that was not accompanied by an increase in peak current. These transient increases returned to control levels within l-2 min (Fig. 9A-C) . We did not observe a block of the Bay K 8644-induced tail current by w-CgTx following the transient increase (Fig. 9C) . Also, we observed less than the expected blocking effect of w-CgTx on peak current based on the effect of w-CgTx in previous experiments (Fig. 9C) . The average decrease induced by w-CgTx in the seven rat neurons pretreated with Bay K 8644 was 5.4% + 2.71 SEM, compared to a decrease of 26.5% f 4.8 SEM in small-diameter rat neurons pretreated with nimodipine or a decrease of 44.2 f 7.7 SEM in small-diameter rat neurons where o-CgTx was added prior to other drug treatment. Thus, while the data indicates that w-CgTx is not a potent blocker of L channels it appears that Bay K 8644 may affect the interaction of w-CgTx with L-and N-type channels.
The reversibility of the block induced by treatment with a loo-p1 bolus of 10 PM o-CgTx was studied in several rat and . Bay K 8644 increased the amplitude of peak current after treatment with w-CgTx in a small-diameter rat DRG neuron. A, Plot of current versus time. The cell was depolarized to -10 mV every 10 set from a holding potential of -60 mV. Bath flow was stopped and a 100~~1 bolus of 10 PM o-CgTx was pipetted into the l-ml bath near the neuron, achieving a final concentration of 0.9 PM, which blocked a small portion of the peak current. Subsequently, a lOO-~1 bolus of 200 nM (-)Bay K 8644 was pipetted into the bath near the neuron, achieving a final concentration of 18 nM, which increased peak current dramatically. In the presence of Bay K 8644, the peak current decreased over time faster than under control conditions. After this change in current versus time had reached a steady state, a loo-p1 bolus of 20 PM nimodipine was pipetted into the bath, achieving a final concentration of 1.8 PM, which blocked most of the peak current. B, Superimposed current traces illustrating points along the plot of current versus time; control (*), after w-CgTx (v), after Buy K 8644 (+), a ft er nimodipine (A). The holding potential in A and B was -60 mV. Solutions as in Figure 2 .
frog neurons held at -60 mV. After treatment with toxin, the neurons were washed with a toxin-free solution. In seven of eight small-diameter rat neurons treated with w-CgTx, the effects of w-CgTx were not reversed over the course of a 5-min wash period with Ba*+-TEA buffer (average change = 0.04% f 1.8 SEM, compared with control peak current). In the remaining rat neuron, a noticeable 8.3% reversal of the w-CgTx induced block was observed, which plateaued within 5 min. No reversal of the effects of w-CgTx was observed in four small-diameter rat neurons that were first superfused with nimodipine and washed with control solution containing nimodipine. In smalldiameter frog neurons, a reversal of w-CgTx induced block was observed in three of four neurons where w-CgTx was tested alone and in one of two neurons where w-CgTx was added after treatment with nimodipine and washed with control solution containing nimodipine. The magnitude of reversal of o-CgTx block in frog neurons ranged from 6% to 25% of the control whole cell current. Also, reversal of w-CgTx block was observed in each of three large-diameter frog neurons where a washout was performed as illustrated in Figure 10 A and B. We never observed a diminution of the effects of w-CgTx as a result of diffusion of the original concentrated bolus away from the neuron under study. The observation that w-CgTx is reversible in some neurons but not others may indicate N-type calcium channel subtypes.
Discussion
This study clearly demonstrates the presence of DHP agonistand antagonist-sensitive calcium current in small-diameter rat and frog DRG neuron somata, which provides strong evidence for a large component of L-type calcium channels in these neurons (Fox et al., 1987a,b) . The lack of effect of 2 PM nimodipine in some neurons (large-diameter frog neurons) argues against a nonspecific action of nimodipine. Similar concentrations of DHP antagonists have been shown to have little effect on calcium currents carried through N-type channels (Fox et al., 1987b; Hirning et al., 1988; Jones and Jacobs, 1990) . While there have been reports of DHP antagonists blocking T-type calcium currents, there was little T current available at HP -80 mV and none at HP -60 mV in the small-diameter rat and frog neurons. Thus, the current blocked by nimodipine in our study appears to be L-type. Additional evidence for the presence of L-type calcium channels in the small-diameter rat neurons is the dramatic increase in current observed after treatment with the DHP agonist Bay K 8644. These results are similar to those obtained in hippoeampal CA1 and CA3 neurons, which also have large components of L-type calcium current (Sah et al., 1989; Mogul and Fox, 1990) . The small-diameter rat neuron somata used for these studies were, on average, within the range reported for the somata of C-and A&type DRG neurons but were smaller than the diameter reported for most Acu-and A&type DRG neurons in rat (Harper and Lawson, 1985a ). Unfortunately we were unable to find data relating direct measurements of somata diameter with conduction velocity for frog DRG neurons. However, measurements of input resistance, which can be a reflection of cell membrane surface area, have demonstrated that frog C-type DRG neurons had higher values (67 MQ + 8 SEM) than frog A-type DRG neurons (32 MB f 3 SEM; Holz et al., 1985) . This could be interpreted as A-type neuron somata being larger than C-type neuron somata in frog DRG. We observed that nimodipine had no effect on the majority of large-diameter frog neuron somata studied, which indicates that L channels did not contribute much to peak current in these cells. These DRG neuron somata were the largest present after the isolation procedure and were possibly somata of fast conducting A-type neurons. In support of this idea, a previous study reported that the TEA-induced calcium-dependent plateau of action potentials recorded from fast conducting A-type frog DRG neuron somata (as defined by conduction velocity along the peripheral axon) was not sensitive to Bay K 8644 but was completely blocked by w-CgTx (Scroggs and Anderson, 1989) . The different pharmacological profile of peak current recorded from the smallversus large-diameter frog neurons leads us to hypothesize that there is variation in the expression of different calcium channel subtypes in DRG neurons which transmit different sensory modalities. This can be compared to the variation in the expression of calcium channel subtypes in different types of neurons. Peak calcium current in sympathetic, dorsal raphe, and Purkinje neurons were relatively insensitive to DHP agonists and/or antagonists (Jones and Jacobs, 1990; Plummer et al., 1989; Sah et al., 1989; Pennington, personal communication) , while a significant portion of peak current in hippocampal neurons was blocked by DHP antagonists (Sah et al., 1989; Mogul and Fox, 1990) . A larger proportion of the peak current was sensitive to nimodipine when the holding potential was -60 mV as compared to a holding potential of -80 mV. The reduction in the inhibition produced by nimodipine at HP -80 mV could be partly caused by a greater proportion of the peak current evoked from HP -80 mV being composed of DHP-insensitive N-type channels, when compared to HP -60 mV (Fox et al., 1987a,b) . Alternatively, it is well known that the efficacy of DHP binding and current suppression increases at more depolarized holding potentials (Bean, 1984; Sanguinetti and Kass, 1984; Cohen and McCarthy, 1987; Jones and Jacobs, 1990) . It is probable that the voltage dependence of nimodipine caused some of the decrease in block observed at HP -80 mV. In the small-diameter rat neurons, changing the holding potential from -60 mV to -80 mV increased the amplitude of the peak current by an average of 79%. Even if all of this increase was due to recruitment of N-type channels the 23% block produced by nimodipine at HP -80 mV is less than the 32% we expected based on the nimodipine block observed at HP -60 mV. (The expected block at HP -80 mV was calculated by dividing the 58% observed block at HP -60 mV by 1.79, assuming that all L channels were reprimed at HP -60 mV.) This same argument holds for the small-diameter frog neurons, where changing the holding potential from -60 mV to -80 mV produces a similar magnitude of increase in peak current as observed in the rat neurons. The expected block by nimodipine at HP -80 mV should have been 27% versus 12% which we actually observed (based on the observed 46% block at HP -60 mV f 1.7). Nimodipine produced an increase in the rate of inactivation of peak current over the duration of 200-msec depolarizations in many of the small-diameter rat and frog neurons. This could be explained by changes (during the duration of the depolarization) in the L channel gating to an open and/or voltage-inactivated state, which have a higher affinity for DHP antagonists (Bean, 1984; Sanguinetti and Kass, 1984; Cohen and McCarthy, 1987) . A similar increase in inactivation rate in the presence of nimodipine has been observed in other cell types such as rat anterior pituitary cells (Cohen and McCarthy, 1987) . The effect of HP on the block of peak current produced by w-CgTx was exactly the opposite of that observed with nimodipine, that is, w-CgTx blocked more current at HP -80 mV than at HP -60 mV in both the rat and frog small-diameter neurons. As more negative HPs primarily reprime N-type as opposed to L-type calcium channels, it is expected that there would be a larger proportion of w-CgTx-sensitive N-type channels present at HP -80 mV when compared to HP -60 mV. . Anomalous effects of w-CgTx after Bay K 8644 of a smalldiameter rat DRG neuron. A, Plot of peak current versus time. Cell was depolarized to -10 mV from HP -60 mV every 20 sec. Superfusion with 2 PM (+)Bav K 8644 (immediatelv after left arrow) doubled neak current; after which peak current decreased over"time mere rapidly than under control conditions. Bath flow was stopped and a loo-p1 bolus of 10 PM w-CgTx was pipetted into the l-ml bath near the neuron (immediately after middle arrow), achieving a final concentration of 0.9 PM, which produced a transient increase in peak current. A second application ofw-CgTx (immediately after right arrow) produced a smaller transient increase in peak current. w-CgTx did not appear to produce a significant block of peak current. B-C, Overlay of the last 20 msec of whole cell current evoked by a 200-msec step from HP -60 mV to a test potential of -10 mV and tail currents (evoked upon returning to the HP). These sweeps were taken from the experiment depicted in part A. Part B, control (*), after addition of Bay K 8644, immediately before addition of w-CgTx (+), immediately after addition of w-CgTx (A), and part C, seventh sweep after the second addition of w-CgTx, superimposed on the sweep taken immediately before the first addition of w-CgTx. Note that w-CgTx produced an increase in the duration and amplitude of the Bay K 8644-induced tail current illustrated in part B, but did not result in a blockade of this tail current as illustrated in part C. Solutions as in Figure 2 . (Fox et al., 1987a; Kasai et al., 1987; McCleskey et al., 1987; Holz et al., 1988; Aosaki and Kasai, 1989; Plummer et al., 1989) . Although most of our data indicate that w-CgTx does not potently block L channels, some of the data suggest that there may be some overlap in the current affected by DHPs (L channels) and in that affected by o-CgTx. In small-diameter rat and frog neurons, there appeared to be a greater average block and more variation in the blocking effects of w-CgTx when added without prior nimodipine treatment when compared to adding w-CgTx after prior nimodipine treatment. This may indicate that w-CgTx has some weak L channel blocking activity or that it blocks a subgroup of L channels that varies in prevalence from cell to cell. Also, the interaction of w-CgTx and Bay K 8644 discussed below may be seen as evidence for some kind of interaction of w-CgTx with L channels.
Nonetheless, when all the data was analyzed quantitatively, we observed that there was not a statistically significant differences in the percentage of peak current blocked by w-CgTx when it was tested before or after prior treatment with nimodipine in small-diameter rat and frog neurons. In addition, after treating the small-diameter rat neurons with w-CgTx, a large response to either nimodipine and/or Bay K 8644 could be elicited, indicating the presence of unblocked L channels. An apparent lack of overlap of nimodipine and o-CgTx was also observed in the large-diameter frog neurons, where w-CgTx blocked all calcium current in several neurons while nimodipine had no effect. These observations suggest that w-CgTx is not a potent blocker of all L channels.
In rat sympathetic neurons, w-CgTx did not affect the large L channel tail currents induced by treatment with the DHP agonist (+) 202-97 1 (Plummer et al., 1989) . We observed similar effects: w-CgTx failed to block Bay K 8644-enhanced tail currents. However, we unexpectedly observed that administration of a 100~~1 bolus of 10 PM w-CgTx produced a transient increase in the tail current and peak current in several of the small-diameter rat neurons pretreated with Bay K 8644. This may indicate some type of positive cooperativity between the binding sites for w-CgTx and Bay K 8644. Another unexpected finding was that the presence of Bay K 8644 appeared to antagonize the blocking effect of o-CgTx on peak current. This latter observation raises the possibility that Bay K 8644 blocked or somehow protected calcium channels normally sensitive to w-CgTx. The observation that "rundown" in the presence of Bay K 8644 was faster than observed under control conditions may represent the block of N channels by Bay K 8644, leaving fewer N channels to be blocked by a subsequent addition of o-CgTx. Evidence of DHP agonists producing a block of N currents has previously been observed in frog sympathetic neurons (Jones and Jacobs, 1990 ). In the small-and large-diameter frog neurons held at -60 mV, we observed a complete blockade of peak current after treatment with nimodipine and w-CgTx in the presence of 2 mM extracellular Ba*+. This observation is contrary to binding studies which demonstrate that divalent cations prevent w-CgTx from binding to a significant proportion of high affinity sites in rat nervous tissue (Abe et al., 1986; Cruz and Olivera, 1986) . In the Abe et al. (1986) study 50% of w-CgTx binding to rat brain membranes was inhibited by 1 mM Ba*+. Our studies in the small-and large-diameter frog neurons suggest that calcium current inhibition by w-CgTx was not greatly affected by 2 mM Baz+. However, in the small-diameter rat neurons held at -60 mV some current remained unblocked by treatment with nimodipine and w-CgTx. This may indicate that a subtype of calcium channel exists in rat in which w-CgTx binding is more sensitive to the presence of divalent ions. This idea is supported by the observation that a higher concentration of w-CgTx resulted in additional current blockade in the smalldiameter rat neurons. Alternative mechanisms might include L channels in rat that are less sensitive to nimodipine than those in frog or the presence of a DHP-and w-CgTx-insensitive calcium channel in rat but not frog. Recently a DHP-and w-CgTxinsensitive "P" calcium channel has been described in rat cerebellar Purkinje neurons (Llinbs et al., 1989; Sah et al., 1989) . In any case, the amount of DHP-and w-CgTx-insensitive currents in the small-diameter rat neurons was quite small.
Partial reversal of w-CgTx-induced block was frequently observed in the large-and small-diameter frog neurons, but infrequently in the small-diameter rat neurons. Previous studies have suggested that w-CgTx may have reversible effects on N or L channels. Plummer et al. (1989) observed reversible effects in rat sympathetic neurons that could be most easily explained as w-CgTx washing off of N-type channels, as only a small percentage of the total current was L-type. On the other hand, Aosaki and Kasai (1989) observed partial reversal of w-CgTx block in cultured chick sensory neurons. The current that they recovered was subsequently blocked by a DHP antagonist, and thus appeared to be L-type. The reversibility of w-CgTx in our study could best be explained as resulting from a reversible block ofa subtype of N channel, based on the observation that reversal of w-CgTx was observed in the large-diameter frog neurons which expressed few L-type calcium channels.
It appears that a substantial portion of peak calcium current in the small-diameter frog and rat sensory neurons was conducted through both L channels and N channels, at potentials near the resting potential of these neurons, while calcium currents in large-diameter frog neurons were conducted mostly through N channels. The pharmacology of the calcium currents found in the small-diameter frog and rat sensory neurons was quite similar. However, the presence of calcium current which is unblocked by the combination of nimodipine and w-CgTx in the small-diameter rat neurons held at -60 mV may indicate an additional subtype(s) of calcium channels present in rat DRG neurons but not in frog DRG neurons. Also, the more frequent reversibility of w-CgTx block in the frog neurons versus the rat neurons suggests that different subtypes of N-or L-type calcium channels may exist. 
